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Abstract  

Aims: Atherosclerosis is chronic inflammation of arteries, andosteopontin (OPN) is known to play a significant role in 
atherosclerotic inflammation. Thrombin cleaves OPN, resulting in the formation of a N-terminal fragment (N-half OPN) 
that enhances inflammation during atherosclerosis. We hypothesized that N-half OPN increased plaque inflammation and 
caused plaque rupture.

Methods: We modeled atherosclerotic plaque rupture in C57BL/6 (WT), ApoE-/-, Opn-/-, and ApoE-/-/Opn-/-mice. In 
addition, we neutralized N-half OPN formation in ApoE-/-mice by intraperitoneal administration of anti-N-half OPN 
antibody (M5Ab).

Results: The incidence of plaque rupture in ApoE-/-/Opn-/- mice was significantly lower than that in ApoE-/- mice (25% 
and 67%, respectively). Similarly, treatment with M5Ab reduced the incidence of plaque rupture in ApoE-/- mice from 67% 
to 29%. Macrophages infiltrated the plaque lesions in ApoE-/- mice, whereas, such infiltration was clearly attenuated in 
ApoE-/-/Opn-/-mice and inApoE-/- mice treated with M5Ab. 

Conclusion: In addition to the full-length OPN, the N-terninal fragment of OPN is also a key mediator of atherosclerotic 
plaque rupture that is capable of inducing macrophage infiltration in plaque lesions.
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Introduction  
Atherosclerosis is a result of chronic inflammation of artery 
walls. The natural tendency of a stable plaque to transform into 
an unstable plaque is associated with higher risk of rupture 
and thrombosis, which is considered as a key mechanism of 
acute coronary syndrome and cerebral infarction. Plaque 
stability is determined by many factors, including presence of 
lipid deposits, oxidative stress, inflammation, and extracellular 
matrix degradation [1-3]. The activation of macrophages in 
atherosclerotic plaques leads to the secretion of inflammatory 
cytokines and proteolytic enzymes capable of degrading the 
extracellular matrix. These changes increase plaque vulnerability. 
Osteopontin (OPN) has been recognized as a significant 
component of the atherosclerotic inflammatory milieu and a 
potential plasma inflammatory marker. OPN is an extracellular 
matrix protein, and it is considered as a multifunctional 
cytokine that potently enhances atherosclerotic inflammatory 
reaction [4,5] Bruemmer et al. reported that angiotensin II-
induced aortic plaque and aneurysm formation was attenuated 
in OPN-deficient mice [5]. Pedersen et al. reported that uremia 
induced by 5/6 nephrectomy increased surface plaque area in 
the aortic arch in apolipoprotein E (ApoE) knockout mice and 
that those changes were attenuated by OPN deficiency [6]. 
From the clinical perspective, we previously reported that OPN 
is an independent determinant of mean carotid intima-media 
thickness (mIMT) in patients with essential hypertension [7]. 
These reports collectively suggested that OPN plays a major role 
in the development of atherosclerosis and plaque formation.  
 
OPN is cleaved by thrombin into several secreted peptide 
fragments [8]. The N-terminal fragment of thrombin-cleaved 
OPN (N-half OPN) is also known as an inflammatory cytokine. 
Neoangiogenesis is a source of intraplaque hemorrhage and 
macrophage infiltration; it triggers plaque instability, there by 
increasing the risk for cardiovascular events [9]. In this setting, 
OPN may be cleaved by thrombin derived from new vessels in 
unstable plaques, resulting in the formation of N-half OPN.  
 
OPN contains an RGD motif [10] that is retained by N-half 
OPN. However, unlike OPN, N-half OPN contains an 
adhesive sequence, SLAYGLR, which is recognized by α9β1 

integrin [11]. N-half OPN promotes cell adhesion, [12] cell 
differentiation, [13] and angiogenesis [14] through α9β1 or αvβ3 
integrin signaling. Wolak et al. suggested a positive correlation 
between the extent of infiltration of inflammatory cells and 
N-half OPN expression in human carotid plaques [15]. We 
previously demonstrated that plasma levels of N-half OPN 
were elevated after carotid artery stenting [16]. However, the 
role of OPN cleavage that leads to N-half OPN formation 
in vulnerable atherosclerotic plaques is poorly understood.  

Recently, carotid artery ligation and cuff placement was 
shown to be a simple and highly efficient method of 
inducing plaque rupture in ApoE-/-mice [17]. Using this 
model, we have reported with that deletion of angiotensin 
II type1a receptor prevented atherosclerotic plaque 
rupture in ApoE-/- mice [18]. In this study, we used this 
murine model to examine the hypothesis that N-half OPN 
increased plaque inflammation and caused plaque rupture. 

Methods  
 
Animals  
The animal use protocol was approved by the Animal Studies 
Committee of the Ehime University. We followed animal 
experiment rules of the Advanced Research Support Center of the 
Ehime University. Seven-weeks-old C57BL/6 wild-type (WT) 
male mice were purchased from Charles River Laboratories 
Japan Inc. ApoE-/- mice with C57BL/6 background were 
also purchased from Charles River Laboratories Japan Inc., 
whereas osteopontin knockout (Opn-/-) mice with C57BL/6 
background were kindly provided by Honorary Professor 
ToshimitsuUede (Hokkaido University, Japan). We also 
generated ApoE-/-/Opn-/-double knockout mice from crosses 
of ApoE-/-andOpn-/-mice and confirmed their genotype 
by PCR as described previously [19]. Nine-weeks-old male 
C57BL/6 WT and age-matched male ApoE-/-,Opn-/-, and 
ApoE-/-/Opn-/-mice were used in the present study. All mice 
were housed in a room with a 12-h light/12-h dark cyclewith 
room temperature maintained at 24°C. All mice were fed with a 
standard commercial diet throughout the duration of the study.  
 
Murine model of atherosclerotic plaque rupture 
 
We generated a murine model of atherosclerotic plaque 
rupture as previously reported [17]. In brief, 9-week-old mice 
were anesthetized with pentobarbital sodium (50 mg/kg, 
intraperitoneal injection) and their common carotid arteries 
were ligated just proximal to the bifurcation. Four weeks 
after the ligation, a polyethylene cuff (length:2 mm; inside 
and outside diameter: 0.580 mm and 0.965 mm, respectively; 
IMG Imamura Co. Ltd., Tokyo, Japan) was placed around the 
common carotid artery just proximal to the ligated site. The 
intracuff lesions were collected four days after cuff placement 
and fixed in 10% formalin, followed by embedding in paraffin 
for evaluation. At the end of the study, blood samples were 
obtained from the inferior vena cava. 
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Antibody treatment

On days 25, 28, and 31after the ligation surgery, M5Ab, a 
neutralization antibody against mice-N-half OPN(35B6-Ab; 
Gene Techno Science Co. Ltd., Hokkaido, Japan) that recognizes 
the GDSLAYGLR epitope was administered by intraperitoneal 
injection to ApoE-/- mice at a dose of 400 µg/ mouse according 
to the manufacturer’s protocol. The experimental protocol is 
shown in (Figure1).

Measurement of blood pressure 

Systolic blood pressure (SBP) was measured using indirect 
tail-cuff method with anon-invasive blood pressure monitor 
(MK-2000; Muromachi Kikai, Tokyo, Japan). 

Biochemical measurements 

Blood samples were sent to Nagahama LSL (Shiga, Japan) for 
the determination of serum levels of total cholesterol (TC) and 
low-density lipoprotein cholesterol (LDL-C). 

Morphological analysis and immunohistochemistry 

The intracuff lesions were evaluated using hematoxylin 
and eosin (H&E) staining. Using H&E staining, cracks in 
the neointima and intraplaque hemorrhage identified plaque 
ruptures at the intracuff region of the carotid artery. The 
incidence of plaque rupture was expressed as percentage values 
of incidences/cases.

Immunohistochemical staining was performed using Simple 
Stain kits (Nichirei Biosciences Inc., Tokyo, Japan) according to 
the manufacturer’s instructions. Briefly, deparaffinized sections 
were treated for 15 min with 3% H2O2 solution in methanol 
to inactivate endogenous peroxidases. The sections were then 
incubated at room temperature for 1 h with primary antibodies 
against rat anti-F4/80 (1:500 dilution, BMA Biomedicals, Augst, 
Switzerland), rabbit anti-VCAM-1 (1:100 dilution, Abcam plc, 
United Kingdom) or rabbit anti-MCP-1 (1:100 dilution, Abcam 
plc, United Kingdom). Each stained section was scanned using 
Image J software (http:// rsb.info.nih.gov/ij/), and the ratio of 
positively stained area to total area (excluding the thrombus-
area) was calculated and expressed as a percentage value. 

Statistical analysis 

Data are expressed as the mean±standard error of the mean. 
For multiple comparisons, statistical analysis was performed 
by one-way analysis of variance and post hoc Scheffe’s test. For 
categorical variables, groups were compared using chi-squared 
test. Differences were considered to be statistically significant 
if P < 0.05. 

Results 

Biological parameters of atherosclerotic plaque rupture 
model mice 

We examined plasma lipid status and blood pressure level as 
these parameters are implicated in plaque vulnerability. There 
were no significant differences in plasma TC between ApoE-
/- and ApoE-/-/Opn-/- mice (379.0± 21.5 mg/dL and 452.7± 
88.9 mg/dL, respectively; n = 3 for each group) or LDL-C 
(344.6± 20.2 mg/dL and 430.6± 80.6 mg/dL, respectively; n = 3 
for each group). Likewise, there were no differences in baseline 
SBP between WT, ApoE-/-, Opn-/-, and ApoE-/-/Opn-/- mice 
(99.7± 8.5 mmHg, 109.6± 8.7 mmHg, 97.5± 3.3 mmHg, and 
102.7± 6.0 mmHg, respectively; P> 0.05; n = 3 for each group). 

Effect of OPN and N-half OPN on atherosclerotic plaque 
rupture

To test the effects of OPN and N-half OPN on atherosclerotic 
plaque rupture, we performed carotid artery ligation and 
subsequent cuff placement in wild type, ApoE-/-, Opn-/-, 
and ApoE-/-/Opn-/- mice. Neointima formation was induced 
by four weeks of carotid artery ligation, but no intraplaque 
hemorrhage or plaque rupture was observed. At four days 
after cuff placement, several morphological changes, including 
intraplaque hemorrhage, neointima cracks, and thrombus 
formation were observed in the lumen. A representative carotid 
artery plaque rupture is shown in Figure 2A. Plaque rupture in 
wild type and Opn-/- mice was observed in 17% cases in both 
groups (i.e., in 2 out of 12 mice for each group; (Figure 2B). In 
ApoE-/- mice, however, the incidence of plaque rupture with 
thrombus was significantly higher (67%,n= 12, (Figure 2B). 
In ApoE-/-/Opn-/-mice, the incidence of plaque rupture was 
significantly lower than in ApoE-/- mice (25%, n=12, Figure 
2B). ApoE-/-mice treated with M5Ab had a nominally lower 
rate of plaque rupture (29%, n=7) than untreated ApoE-/-

mice, but the difference did not achieve statistical significance. 
At the same time, incidence of plaque rupture in M5Ab-treated 
ApoE-/- mice was not statistically different from that in ApoE-
/-/Opn-/- mice (Figure 2B).

The neointima area in WT mice was 22.2 ±6.6 × 10
3
μm2(n= 

7) and in Opn-/-mice, it was 17.2 ± 4.5 × 10
3
μm2(n = 7) (Figure 

2C).In untreated ApoE-/- mice, the neointima area was 
significantly larger (62.2  2.7 × 10

3
μm2; n = 7) than in ApoE-/-/

Opn-/-mice(32.8 ± 1.5 × 10
3
μm2; n = 7; P < 0.05) or in ApoE-

/- mice treated with M5Ab (33.2 ± 5.3 × 10
3
μm2; n = 7; P<0.05; 

(Figure 2C). 
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Macrophage infiltration in plaque rupture model

Inflammation plays a central role in atherosclerosis, and 
therefore, we evaluated macrophage infiltration in plaques by 
immunohistochemical staining for F4/80, a specific murine 
macrophage marker. F4/80-positive areas were observed in 
ApoE-/-mice (9.3± 0.7 %, n=5) (Figure 3A-b, 3B). In contrast, 
these areas were clearly smaller in ApoE-/-/Opn-/-mice 
(3.1± 0.3%,n=5,P<0.05) (Figure 3A-c,3B) and in ApoE-/-

mice treated with M5Ab (1.6 ± 0.2%, n=5, P <0.05) (Figure 
3A-d,3B). 

VCAM-1 and MCP-1 expression in plaque rupture model 
and effect of M5Ab

Next, we examined that which molecular contributed to 
macrophages infiltration in the downstream of OPN and N-half 
OPN. At first, we analyzed vascular cell adhesion molecule-1 

(VCAM-1), which is an important adhesion molecule for 
monocyte. We found VCAM-1-positive area was expanded 
in ApoE-/-mice (5.7 ± 0.9 %) (Figure 4A-b, 4B). In contrast, 
these changes were clearly attenuated in ApoE-/-OPN-/-mice 
(0.23±0.1 %, p<0.05) (Figure 4A-c, 4B) and ApoE-/-+ M5Ab 
mice (1.3±0.2 %, p<0.05) (Figure 4A-d, 4B). In previous study, 
MCP-1, Monocyte Chemotactic Protein-1, was reported as 
a key mediator of macrophage infiltrating to tissue in the 
downstream of OPN, [20]. We examined MCP-1 expression 
using immunohistochemical staining. However, there was no 
difference in expression among between ApoE-/-mice, ApoE-
/-OPN-/-mice, and ApoE-/-+ M5Ab mice (Figure 4C).

 
                    Figure 1: Experimental protocol of the present in vivo study
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Figure 2. Plaque rupture and neointimal area

A) A representative carotid artery plaque rupture stained with hematoxylin and eosin. Several typical morphological changes, 
including intraplaque hemorrhage, cracks of neointima, and thrombus formation in the lumenare observed. Scale bar, 100 
μm.

B) Incidence of plaque rupture was determined in wild type(n = 12), ApoE-/- (n = 12), Opn-/-(n = 12), ApoE-/-/Opn-
/- (n = 12) mice, and in ApoE-/- animals treated with M5Ab (n = 7). The incidence of plaque rupture with thrombus in 
ApoE-/- mice was significantly higher than in wild type animals. In ApoE-/-/Opn-/-mice, the incidence of plaque rupture 
was significantly lower than in ApoE-/- mice and similar to that observed inApoE-/- mice treated with M5Ab.Statistical 
significance is indicated as follows: *P< 0.05 (for categorical variables, groups were compared using a chi-squared test).

C) Neointima area was measured in wild type, ApoE-/-, Opn-/-, ApoE-/-/Opn-/- mice, and in ApoE-/- animals treated with 
M5Ab. Neointima area in ApoE-/-mice was significantly larger than in all other groups (P< 0.05), whereas no other inter-
group differences were observed. Data are presented the mean ±standard error of the mean. n = 7 in each group. Statistical 
significance is indicated as follows: *P< 0.05 (one-way analysis of variance followed by post hoc Scheffe’s test).

https://www.jscholaronline.org/


 
Figure 3: Immunohistochemistry by anti-F4/80

A) Representative images of F4/80-positive expression in ApoE-/-(b),ApoE-/-/Opn-/-(c), and ApoE-/- + M5Ab (d) groups. (a) 
negative control. 

B) Plot of F4/80-positive area in samples from ApoE-/-, ApoE-/-/Opn-/-, and ApoE-/- + M5Ab groups. Note the significantly 
higher F4/80 levels in untreated ApoE-/- mice. Data are presented the mean ±standard error of the mean. n=5 in each group. 
Statistical significance is indicated as follows: *P< 0.05 (one-way analysis of variance followed by post hoc Scheffe’s test). Scale 
bar, 100 μm.

Discussion 

Roles of OPN and N-half OPN on atherosclerotic plaque 
rupture

In this study, we showed that OPN and N-half OPN play 
critical roles in atherosclerotic plaque vulnerability and 
continuous plaque rupture. Our hypothesis was that N-half 
OPN, the thrombin-cleaved OPN, activated the inflammation 
of atherosclerotic plaque and induced plaque rupture. If this 
hypothesis was correct, OPN knockout and neutralization of 
N-half OPN could be expected to have equivalent reducing 
effects on plaque rupture incidence. However, the effect of 

OPN knockout on inhibition of plaque rupture was higher 
than that of M5Ab treatment. This was reasonable, because 
OPN in plaques may not be completely converted to N-half 
OPN. We first showed that induction of plaque rupture 
stimulated the cleavage of OPN into N-half OPN, and 
therefore, it may be presumed that OPN plays an important 
role in plaque rupture formation. In a recent clinical study, 
Wolak et al. investigated 41 patients who underwent carotid 
endarterectomy and exhibited plaques that were categorized 
to possess high- and low-grade inflammation based on their 
histological features [15]. Analysis of OPN and N-half OPN 
levels in these plaques by western blotting showed that high-
grade inflammation plaques had a greater content of N-half 
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Figure 4:Immunohistochemistry by anti-VCAM-1 

A) Representative images of VCAM-1 expression in ApoE-/-(b), ApoE-/-/Opn-/-(c), and ApoE-/- + M5Ab (d) groups are 
illustrated.(a) negative control.(B) Plot of VCAM-1-positive area in samples from ApoE-/-, ApoE-/-/Opn-/-, and ApoE-/- + 
M5Ab groups. Note the significantly higher VCAM-1 expressionin untreated ApoE-/- mice. Data are presented the mean 
±standard error of the mean. n=5 in each group. Statistical significance is indicated as follows: *P< 0.05 (one-way analysis 
of variance followed by post hoc Scheffe’s test). (C) Plot of MCP1-positive area in samples from ApoE-/-, ApoE-/-/Opn-/-, 
and ApoE-/- + M5Ab groups. Data represent the mean ±standard error of the mean. n=5 in each group. (one-way analysis of 
variance followed by post hoc Scheffe’s test). Scale bar 100 μm.

OPN than low-grade inflammation plaques. In contrast, OPN 
levels were similar in low- and high-degree inflammation 
plaques. We also previously demonstrated that plasma N-half 
OPN level was elevated after carotid artery stenting in patients 
who had undergone acute atherothrombotic ischemic stroke 
[16]. Based on these studies, we propose that N-half OPN 
plays a critical role in atherosclerotic plaque rupture. 

Roles of OPN and N-half OPN on neointimal formation

OPN deficiency and neutralization of N-half OPN activity 
inhibited not only plaque rupture but also neointima area 

formation. Therefore, lower incidence of plaque rupture in 
ApoE-/-/Opn-/-mice and in ApoE-/-mice treated with M5Ab 
could be explained by the fact that neointima areas in these 
animals was significantly narrower than in untreated ApoE-
/-mice. These results indicated that not only OPN, but also 
N-half OPN, promoted cell proliferation and migration activity 
in smooth muscle cells. Liaw et al reported that OPN mediates 
vascular smooth muscle cell migration via interaction with cell 
surface integrin αvβ3 that recognizes the RGD sequence [21].
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Macrophage activation by OPN and N-half OPN

OPN has two integrin-binding motifs, RGD and SLAYGLR. 
The latter motif is revealed in N-half OPN only after thrombin 
cleavage, [22] and it functions as a ligand for integrin α9β1, 
α4β1, and α4β7. [23]. These integrins are expressed in activated 
macrophages where they stimulate further production of 
inflammatory cytokines and chemokines [23]. We therefore 
evaluated macrophage infiltration in the plaque rupture 
model and observed that the number of F4/80-positive 
macrophages was markedly increased in ApoE-/- mice. OPN 
deficiency and M5Ab treatment significantly attenuated 
macrophage infiltration inplaques, indicating that both OPN 
and N-half OPN are key chemoattractants of macrophages 
in atherosclerotic plaque. Increased neovascularization is an 
important contributing factor to plaque vulnerability. Kale et 
al. reported that OPN activates macrophages and influences 
angiogenesis by enhancing cyclooxygenase-dependent 
prostaglandin E2 production via α9β1 integrin [24]. Matrix 
metalloproteinase (MMP) degrades the major components 
of the vascular extracellular matrix, including the fibrous 
cap of the atherosclerotic plaque [3]. OPN has been reported 
to enhance adventitial myofibroblast and vascular smooth 
muscle cell migration and proliferation and promote activation 
of vascular MMP-2 and MMP-9 [25]. Lai et al. reported that 
OPN and the peptide SVVYGLR activated pro MMP-9 and 
enhanced oxidative stress in aortic smooth muscle cells in vivo 
and in vitro [26]. These previous reports suggested that OPN 
and N-half OPN increase plaque vulnerability and rupture by 
activating MMPs and inducing neovascularization. 

Relationship between OPN and N-half OPN and adhesion 
molecules

Next, we asked which adhesion molecules contributed to 
macrophage infiltration downstream of OPN and N-half 
OPN. We focused on VCAM-1 and MCP-1 expression in our 
model. VCAM-1 is expressed both in endothelial cells and the 
neointimal area. Previous reports indicated that induction 
of endothelial-mesenchymal transition in endothelial cells 
upregulates mesenchymal markers, smooth muscle marker, 
and leukocyte adhesion molecules such as VCAM-1 both 
in endothelial cells and in the neointimal area. VCAM-1 
promotes influx of inflammatory cells in atherosclerotic 
plaques and enhances the deposition of extracellular matrix, 
appearance of new mesenchymal cells in the neointima, and 
plaque expansion [28, 29]. As shown in Figure 4, VCAM-
1expression in ApoE-/-/Opn-/-mice and in ApoE-/-mice 
treated with M5Ab was lower than in untreated ApoE-/-

mice, which is in agreement with the results of Bruemmer 
et al. In contrast, MCP-1 levels did not differ among the 

three groups. According to these results, VCAM-1 is an 
important chemoattractant that stimulates macrophage 
infiltration in plaques. Infiltration of macrophages causes 
further inflammation in atherosclerotic plaques and leads 
to secretion of inflammatory cytokines. This, in turn, leads 
to neovascularization and activation of proteolytic enzymes 
capable of degrading the extracellular matrix, i.e., the changes 
that increase plaque vulnerability. However, we just examined 
the MCP-1 and VCAM-1 expression levels. Therefore, further 
functional study is needed. 

Thrombin inhibitor and atherosclerosis

Recently, several groups reported that thrombin inhibition 
by dabigatran attenuates atherosclerosis30 and atherosclerotic 
lesion instability [31]. These findings prompted us to 
hypothesize that the anti-atherosclerotic effect of dabigatran 
may at least partly derive from the attenuation of OPN 
cleavage by thrombin, which would negatively affect N-half 
OPN formation. 

Limitations

However, this study has few limitations. First, this study 
was performed in a mouse model of atherosclerotic plaque 
rupture that mimics only some aspects of the human disease. 
Second, we did not measure plasma lipid status and blood 
pressure in mice treated with M5Ab. Third, we did not 
completely distinguish the functional differences between full 
length OPN and N-half OPN. Fourth, we could not show the 
source of OPN and N-half OPN.

Conclusion

The present study in experimental mice demonstrated that 
N-half OPN may be a key mediator of atherosclerotic plaque 
vulnerability. N-half OPN inhibition decreased infiltration of 
macrophages to plaques via increased VCAM-1 expression. 
N-half OPN may therefore be a potential target for therapeutic 
interventions aimed at stabilizing plaques and preventing 
their rupture. 
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